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ABSTRACT
(Distribution Limitation Statement A)

The results reported here represent significant advances in the
state of the art of high-powerlaser windows and coatings. An order-
of -magnitude improvement was achieved in the material parameters of
single crystal KCl over the values which characterized the best avail-
able materials at the beginning of the study. Single crystal specimens of
KCI (up to 10-cm diameter) having optical absorption at 10.6 pym < 0.0005
cm™ ' and rupture strengths as high as 4000 psi were produced vsing a
reactive atmosphere processing (RAP) technology which was developed
during the program. The RAP technique, involving processing under an
atmosphere of He + CCl,, was used for window materials purification,
crystal prowth, and for surface layer exchange in KCl crystals. It led
to the development of a one-step processing for KCI1 crystal growth,
from powder to crystal, which minimizes the incorporation of OH™ in
the KCI1 crystals. Optical, mechanical, and surface stability evalua-
tions of various fluoride and chloride crystals are also reported. The
coating program goal, which was to achieve 0.1% or iess absorption
per coate ! window surface at 10.6 pm, has been demonstrated for some
of the optical coatings prepared during the program. Theorctical de-
signs and experimental results for coatings for alkali halides, zinc
selenide, and cadmium telluride are presented with emphasis placed on
coatings for KCl. Rigorous control of starting material purity and sub-
strate preparation was found to be esscential for the preparation of low-
absorption coatings.
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SECTIONI T

INTRODUCTION AND SUMMARY

The Ilalide Window Materials Technology Program is a
continuation of work started on the Advanced Mode Control and Iligh-
Power Optics Technology (AMCIHiPOT) Program. The AMCIIiPOT
Program is intended to advance the state of the art in high power optical
components and high-power laser mode control. The AMCIIiPOT Pro-
gram includes: advanced mirror and grating development, windows and
coatings, and mode control. The results of hoth the advanced mirror
and grating development work were reported in final technical report
Volume I, (AFWL-TR-72-152). Volume III will document mode control
findings, while the present volume (Volume II) includes results on the
windows and coatings studies.

The object in the study of window materials was to upgrade the
technologies of purification, crystal growth, and surface preparation of
halides for their use as windows for high-power lasers. The approach
taken was bhased on our hypothesis that the values of material param-

eters employed in the earlier evaluation of figures of merit1 were not

intrinsic to the materials but reflected the status of halide materials
technology. Our results now allow us to assert the validity of this
proposition.

At the start of the program, the optical absorption at 10.6 um,
B, for KCI crystal (Harshaw, window grade) was 0. 007 cm-l. Currently,
B = 0.0005 cm_1 can be obtained in a reproducible fashion. Initially,
the yield point was Y = 300 psi and the rupture strength, S = 640 psi.
(Ref. 1); Hughes Research Laboratories now routinely achieves
Y = 1000 psi and S = 4000 pzi. Preliminary evidence shows that
further improvements in optical absorption and mechanical integrity
can be expected from technological advances in surface preparation.
The improvements are noteworthy in that they were realized in the puri-

fied material, and were superior to the improvements obtained earlier

by bivalent metal ion doping.2 Related to the difference in the two




approaches to upgrade (Y, S) is the observation that doping exacts a
tradeoff in B.” Bivalent cation impurities stabilize the hydroxide ion
(OH ) and cation vacancies in alkali metal halides.4 Also, because of
the extremely limited sciubility of such dopants in the pure solid, the

achievement of bulk homogeneity over a large piece presents a severe

s i o L b oaie i el o Rl Bl o

constraint; an increase in optical scattering through precipitation is a

5 M

{ constant threat.
| The emphasis in materials purification by reactive atmos -
phere proccssing (RAP) (see Appendix I) is anion purity. The
nonmetal impurities, being much larger than the metal ions, affect
the lattice array at concentration levels of a part in 104 or even lower.
Regarding the ion as an incompressible sphere, the halide anion
accounts for a major fraction of the molar volume. Consequently,
the anion determines gcnerally the closencess and symmetry of
packing; its impurities exert a greater influence on lattice vibrations
and, thercfore, affect the trystal's IR transmission, structural
integrity, and transport parameters.

Among the anion impurities, the hydroxide ion (OH ), a pscudo-
halide, is probably the most obstinate hecause the recactivity of the radi-

cal is very close to that of fluorine as shown in Fig. 1. From the

standpoint of optical transmission, the O-Il vibration is active in the
3-pm region and the O-M at the 10-um region. The subectitutional Ol1~
dipole couples with the dipole consisting of a bivalent metal ion impurity

. 4
and a metal ion vacancy. ’ e

Through such couplings and the tendency
to diffuse to the surface, the Ol can ecffect a degradation of the mechan-
ical behavior of the alkali halide. Our surface-stability studies indicate
ttat the presence of OIl" on the alkali halide crystal surface renders the
surface more hydrophilic and, consequently, less resistant to surface
corrosion by water vapor.

Because of its reactivity and the omnipresence of its source,
IIZO, in all steps of processing, the substitutional entry of OH~ by hydro-
lytic exchange is always a threcat. To suppress the substitutional entry

of OI1” in the growth of chlorides, the critical process parameter in

RAP is the ratio of partial pressures, pIIZO/pHCl (see eq. (2),

i o « B
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Appendix 1), which should be taken as close to zero as is compatible
with (lie operation. Consideration of this process parameter shows why
the current popular approaches, processes based on atmosphere control,
are far from achieving the effect of RAP., The use of vacuum or an
inert gas is not wholly effective in excluding Ol from the solid because

Pyi,0 is never zero while P is essentially zero. The same situation

holds in the use of chemicallglzce:iters in the condensed phase (melt), e.g.,

PbF‘Z in fluoride melts to remove the oxide as the more volatile PbO.

The latter process involves a tradeoff of a cation impurity, Pb2+, for

an anion impurity, OZ—, which may have an adverse effect on p (Ref. 3),
A reactive atmosphere process incorporates a reactive vapor

phase which reduces the process parameter, Pnzo/P to a very

HICY

low value by suppressing the concentration of 11O and enhancing that of

2
IICl. One approach is to live with the steady-state outgas pressure of

PIIZO and apply a positive P Unfortunately, the weighting factor to

1cr
the process parameter is the equilibrium constant of hydrolysis (see
Appendix I) which can be larger than unity at the melting point. Also,
aside from the problem of corrosion, bottled IICl gas has ordinarily an

effective PHZO/P 10—4; the desired value is 510—7. Such a dew-

el =
point in the source is difficult to obtain and maintain in a flowing system.
A more effective approach to reduce the pressure ratio makes use of a
reactive vapor which produces 1IC! at the expense of ”20' This optimi-
zation of RAP, leading to the choice of CC14, is presented in greater
detail in Appendix I. The above problems lead one to appreciate that
further optimization of all processing steps, from starting powder to the
single crystal (congruent growth), into a one-step RAP was a very sig-
nificant development in this program.

Optical, mechanical and surface-stability evaluations all show
the advantages derived from the use of RAP. With a dynam’~ flow one-
step RAP it became possible to start with a 99. 9% pure KCI1 powder,
priced at <l $/lb, and obtain the same performance as with a 99.999%
pure starting material, priced at >.10‘Z $/1b. Optimizing a one-step

RAP with the 99. 99 powder improved  from 0. 0016 cm-1 to <0, 0005 cm~

(ERaCaT 2 i o et e T s e ey S P

1
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One need not elaborate on the obvious significance of this result for the

production of large single-crystal ingots,

An earlier study by other workers reported a large surface
absorption at 10. 6 pm (Ref. 1). For nCl, the reported surface absorp-
tion was >80% of the total absorption for a l-cm thickness (Ref. 1).

The cause was thought to be the hygroscopic behavior. Iowever, our

RAP treatment of the crystal surface, i.e., topochemical exchange, did

not improve B. In addition, we showed that neither surface hydrolysis
(exchange of OI” for C17) nor hygroscopic behavior (surface uptake of
IIZO) contributed to the surface absorption of a KCI crystal with

B = 0.0042 cm"~ 1, with measurements well within a precision of

=0, 0004 cnihl. Instead, our study indicated that fabrication damage
(surface preparation) can contribute to bulk absorption in a manner

which could be mistaken for surface absorption. These results are

collected in Appendix 11

Mechanical evaluations (Knoop hardness and rupture strength, S)
showed the benefit of a RAP treatment following fabrication of the test
specimen. Evidence was obtained showing this also to be the case in a
study of surface stability of KCl cleaved at (100), at humidities exceed-
ing 100 percent. At the end of the program, we felt the need for devel-
oping a milder RAP treaiment for the more refined requirements of the
last stage of surface preparation; i.e., prior to coating.

In the last quarter considerable effort was devoted to the quanti-
tative determination of the OIl” content of KCl crystals, commercial
versus the RAP-grown. The primary method, acidimetry, is a more
reliable alternative to the optical absorption methods. Unfortunately,
the testing is destructive and does not differentiate between the surface
layer OH™ and that in the bulk. At the end of the contract, the problem
hadnot been resolved of defininga reference material where C,

the mole

fraction of OH , was zero. The mecasurements support the expecta-

tion that C < 10-5 for RAP-grown KCI and, if such was the case, then

C = 2.2 x 10°% for the Harshaw KCl. Further background material on
the subject is given in Appendices III and IV.
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The study of noncongruent (solution) growth was not intended for
large crystal production. Theoretically, the method is capable of pro-
ducing crystals with very low OIl~ content. Conceivably, crystal speci-
mens with known OIl” content could be grown which would serve as ana-
lytical standards for melt grown materials. Although clear crystals
were grown, the study showed that the probability, per unit volume, of
producing a fairly occlusion-free crystal was not low enough with growth
recipes which included those given in the literature. Our best solution-
grown NaCl and KC1 were inferior in § and in transmission from 29o8to
25 pm to material melt-grown by a one-step RAP.

The objective in hot pressing was to press mixed metal halides
fromthe powder to effect good bulk homogeneity and improve mechanical
strength. The study began with a one-component system (KCl) to
acquaint ourselves with, and solve, problems of the technology: powder
preparation, compaction behavior, pressire versus temperature trade-
oif, interface corrosion, etc. Our initjal comparison of the pressed
disc with the single crystal showed a P which was one order of magni-
tude higher. The problem was aggravated by marked interface corro-
sion resulting from the use of powder that had a preliminary RAP
treatment. Towards the end of the program, chemical compatibility at
the interface was achieved by pumping out the reactive gases from RAP
before pressing. C .nsiderable improvements followed in the optical
transmission and in the mechanical strength of the pressed disc. The
applicability of hot pressing to IR window materials for high-power
lasers hinges on solving the problem of f. From the experience gained
in the other technologies, we expect dramatic improvements irom the
development of a dynamic one-step RAP in hot pressing.

We carried out a low-level effort study on the crystal growth and
evaluation of metal fluorides as window materials for the 3- to 5-pm
region. Both f and the Knoop hardness proved to be useful measures of
the efficac;lr of RAP with Ile + HF at a dewpoint of p”ZO/pIIF = 10-6.
The use of B as an index to anion purity-with respect to Ol was based

on the activity of the imetal-to-oxygen vibration at the 10-pm region,




which, in turn, was a measure of the absorption at the 3-pm region

arising from the oxygen-to-hydrogen vibration. The observed changes
in B could have been consistent with larger changes in the optical
absorption at the 3-pm region where the absorption cross section is
larger. Unfortunately, this correlation was not demonstrated as there
was no apparatus available to measure low-level optical absorption in
the 3- to 5-pm region. The Knnop hardness was a qualitative indicator
of the effect of RAP on the mechanical properties, but more direct evi-
dence was obtained after the contract ended: The maximum strength
reported for CaF‘Z is 8000 psi at Raytheon (Quarterly Report December
1a70, ARPA Order 11580); our RAP-grown CaF2 gave a modulus of rup-
ture 12,000 psi. The study, reported in Appendix VI, shows that the
advantages of RAP are best realized if the procedure is applied begin-
ning with the conversion step to the fluoride powder and maintaining the
specific surface to reverse hydrolysis prior to crystal growth.

The results of optical, mechanical, and surface-stability evalua-
tions of metal halides at the Ilughes Research Laboratories support the
main thesis. The intrinsic limitations of alkali halides as windows for
high-power lasers remain to be defined by the future development of
materials technology.

The objective in the window coating task was to develop anti-
reflecting /passivating optical coatings for candidate high-power IR
laser windows. MNajor emphasis was placed on the goal of achieving
0.17 or less absorption per coated surface for the optical coatings.
Theoretical designs and experimental results for coatings for alkali
halides, cadmium telluride, and zinc selenide are reported, with the
major emphasis on coatings for KCI,

The performance of the optical coatings on KCl is greatly depend-
ent on the surface finishing operations performed on KCI prior to coat-
ing. Results of experiments on surface finishing of KCI are presented
and the optical absorption in the KC1 and the coatings is discussed rela-
tive to the surface finishing and handling operations.

At visible wavelengths, the availability of low optical absorption

diclectric materials has made it possible to produce required window
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coatings. One of the major problems that had to be overcome was
optical beam losses from scattering caused by the coating texture. At
10. 6 um, low absorption dielectric materials have only recently begun
to be available; however, optical beam losses due to scattering may
not be a major problem and at this longer wavelength, some texture in
the optical coatings may be tolerated without major contribution to
scattering losses,

Window materials that show promise for use in the near infrared
have refractive indices that fall in the 1.5 to 3.5 range. Anti-
reflection coatings for the low index materials serve the dual purpose of
improving the optical performance of the windows while simultaneously
protecting the halide window surface from environmental degradation
(since one of the promising candidates among the optical window mate-
rials for use in the infrared, KCl, has appreciable solubility in water).

For window materials that have good optical characteristics as
a resuit of their low optical absorption losses but which have indices of
refraction greater than 1.5, the lowered optical transmission due
to the high reflection from the window surfaces makes the use of anti-
reflection coatings mandatory.

The surface finishing and coating technology, established to date,
has produced the {ollowing results for 10, 6-pm absorption in our anti-

reflection coatings:
KCl1

Two coating designs for KCIl were investigated. One design is a
two layer coating of ASZS3 and ThF4 in which we have achieved 0.19%
absorption per surface for the coating; the second design is a two layer
coating of ZnTe and 7nS whick has produced coatings with 0. 05% absorp-

tion per surface.
CdTe

Antireflection coatings for CdTe were produced using a coating
design which consists of two film layers of BaFZ and 7ZnS in which we

have achieved 0.06% ahsorption per surface.

o
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The ambitious goal for our coating program, which was projected

at the first laser window conference at AFCRL in October of 1971, was
to achieve less than 0. 1% absorption per surface for window coatings.
The results, achieved to date, are impressive when one considers that
in October of 1971 our state of the art in antireflection coatings was

% range.

absorptions per surface in the 0,.5% to 1

Our ability to achieve the coating program goals was based on
the following combination of capabilities available to us at lHughes .
Research Laboratories:

° Availability of high quality single crystal KCl 1
and CdTe window materials grown at Iughes. 1

o Surface finishing technology for KC1 and CdTe E
which provides minimum degradation to the ]
intrinsic optical absorption of the bulk window
materials.

et

) Availability of processes for preparation and
purification of As}S3, 7ZnTe, and ThF4 starting
materials used for film preparation.

T

L 10. 6-pum laser optical monitor for precise thick-
ness control of optical film layers.

T N |

L Complete and comprehensive computer design
and analysis programs, which include optical
absorption in the films, so that theoretical
designs and experimental results can be compared. ]

o 10. 6-pm laser absorption calorimeter for measure-
ment of absorption in coated windows, window sub-
strates, and for determination of absorption indices
for optical films.

The important requirement for future coating work is to continue

efforts at improving window materials, window surface finishing and

coating technology so that windows when subjected to 10. 6-pm high

power incident laser fluxes will not fail at damage thresholds far below

the intrinsic damage thresholds for the bulk window material. !
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SECTION 1II

RESULTS AND EVALUATION

A. WINDOW MATERIALS

1. Crystal Growth and Evaluation of KCI

The technology of single-crirsta] congruent growth from the
melt under RAP was studied for NaCl and KCl. Greater emphasis
was given to KCl. Since the technologies for the two materials are
quite alike, they will not be discussed separately.

The study began with the design and construction of a
Czochralski apparatus for 1- to 2-cm diameter crystals (Fig. 2) which
could be adapted to a RAP operation. The apparatus provided speci-
mens for optical evaluation. It was also used to study interface com-
patibilities (corrosion) and transport problems (impurity pickup)
accompanying RAP. Optical evaluation showed that radial inhomoge-
neity of the refractive index; i.e., lensing, was not insignificant.
Consequently, a larger Crochralski apparatus with a 5-cm diameter
capability was constructed (see Fig. 3).

The first few runs with the large Czochralski ‘apparatus showed
Poco graphite crucibles to be permeable to molten KCI1, behavior which
led to crucible failure during cooldown.\ Vitreous carbon crucibles
from B | with Corp. were use‘c} to grow several 5-cm diameter
boules. 1i.se boules showed elongated voids. Bubbles formed at
the growth interface and nucleated these regions of negative growth.

It was observed carlier that the gas atmosphere in RAP manifested
a high solubility in molten KCI and lowered drastically the distribution
coefficients of impurities. This feature was, of course, an asset to

scrubbing in purification but, in turn, caused a larger flux of gas

(bubbles) during the change of state from liquid to solid; i.e., crystal
growth.



(a) Congruent growth apparatus

(b) Crystal of KC®

Fig. 2. Growth of KCZ From the Melt.
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An internally funded study on the technology of scale-up in
RAP crystal growth paralleled this program. RAP crystal growth was
developed in the vertical Bridgman mode, a geometry more favorable
for coping with the problem of gas at the growth int2rface. The tech-
nology also allowed for the optimization of interface compatibilities,

a problem accompanying the use of reactive atmospheres. Another
advantage of the method was its adaptubility to the growth of flat
single crystals. Figure 4 shows a collection of single crystal KCl1
Czochralski boules ranging from 1 to 5 cm in diameter and Bridgman
cylindrical ingots and flats up to 5 cm across the cross section. The
elongated voids described previously are seen extending through the
bulk of the large Czochralski boules. Figure 5 shows a 10-cm
diameter Bridgman cylindrical ingot of single crystal KC1 grown by
the RAP method.

The optical absorption at 10.6 pm, B, was measured with an
adiabatic calorimeter. The measurement techniquc and the apparatus
employed are discussed in Appendix II. Surface hydrolysis and
hygroscopic behavior were shown to have a negligible contribution
to surface absorption; however, the contribution of fabrication damage
was found to be significant. If such a contribution was not separated
from the bulk absorption, the extrapolation of power abscrbed to zero
sample thickness gave an intercept which could be misinterpreted
as a contribution from the surface. Also, a consequence of the appar-
ent surface zbsorption was an exaggeratedly low bulk absorption
derived trom the slope of the plot of power absorbed against sample
thickness*, However, legitimate contributions to surface absorption
exist. An instance such as this was shown to arise from the ingredi-
ents employed in surface polishing. These earlier developments are
collected in Appendix II.

Using KC1 crystals of different purity grades, no correlation of
B with the metal ion impuritirs was established. Table I lists the

results of emission spectrograph analysis, modulus of rupture (S),

FThe ambiguity in the value of the slope arises from the scatter in the
experimental values of (x,y). The least-square fit to y =mx+b yields
a smaller value of m than the fit to y = mx (cf. Fig. 35, Appendix II).
When there is no surface absorption, the observed absorption must all
be accounted for in the bulk.

13
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Fig. 4. Czochralski Boules and Bridgman Cylinders
and Flat Ingots of Single-Crystal KCI1.

Fig. 5. A 10-cm Diameter Bridgman Cylindrical
Ingot of Single-Crystal KC1 Grown by
the RAP HMethod.
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and 3. The first three samples from the left, identified by the source
material in the column heading, give the analysis of the tips of
Czochralski crystals grown at Hughes Research Laboratories (HRL).
The other two are Harshaw specimens sampled from two different
regions of a Stockbarger crystal. The metal ion impurities are
grouped according to the most likely valence assumed: +1, 2, and 14,

No correlation of S and 3 with groups I and IV impurities can
be drawn. llowever, with bivalent impurities, the Ilarshaw cone
material is a factor of two to three larger in total content (~30 ppm),
which may account for the higher S compared to the heel section
(Ref. 2). Yet, according to the results with MCB specimens, i an
increase in the level of hivalent impurities is not necessary to attain
S = 103 psi.

Bivalent impurities cau lead to a higher g through the stabiliz-
ing effect of the impurity on OH™ (Ref. 7). The effect could account
for the increase in B of KCl with Pb'?"{L doping, (Ref. 3) although PbCl,
itself has a low 3(0.0020 cm_l). On the assumption that OIT" was i
not excluded in the Pb'?"{L doping of KCI (Ref. 3), the model leads to
an absorption cross-section at 10.6 pm of, 0 < 10-19 cmz. The
model would also explain the tradecoff between p and S in the heel and
cone sections of the Stockbarger ingot of the IHarshaw specimens.

The MCB result shows that there need be no tradeoff in 3 for
a high S. Although the three HRL specimens show the lower 3, no
correlation with impurity levels can be drawn. The molar sum of
the bivalent impurities is constant for the three, corresponding to a
mole fraction, x = (2.66 £ 0.03) x 10-5. These results are consistent
with the interpretation that: C < 10-5 and 10-21 cmz SRR 10-19 cmz.
If B is not metal-ion impurity limited and RAP growtn is capable of
achieving C = 10-7, then from o= 10-2'0

o (OTEE () B | RO Dkl 2R e e

2

cm” the value of B limited
-1 22 -3,

- 10 cm , where 10 cm s

the anion density in KCI1.

:':Supplier code of KC1 source powder: MCB = Matheson, Coleman,
and Bell and JM = Johnson Mathey.
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The value of B, OH (s) limited only, is two orders of
magnitude smaller than the average for the three HRL specimens,
which show a standard deviation of Af = 5 x 10-4 cm-l. It is neces-
sary to locate the source of AP as £ is at most 3 AL. Annealing

experiments show that a source of Af is the bulk damage brought

about in surface polishing (see Appendix II). These results indicate
that B is now limited by the technique of surface finishing instead of
materials processing.

The above conclusion is supported by the results of evaluation
of 3-cm diameter Bridgman ingots. Thin disks, ~5-mm thick, were
taken from each end of the cylindrical section: 3 = 0.00082 cm-1
at the region which crystallized first and 3 = 0.0014 cm-1 at the
later stage of growth. The intervening cylinder, L =11.2 cm,
gave 93.0% transmission uniformly over the face within 1% variation.
With no absorption and scattering losses, the theoretical transmission
is 93.35%. Thus, the value of B over the cylinder is 0.0035/11.2 =
o) @I, (eihn) 1. The end faces of the cylinder were wedged to avoid

interference effects,

Similar results occur in the case of NaCl. Our best value
on melt grown Ilarshaw NaCl is 3 = 0.005 cm-l. A nonoptimum RAP
on a Czochralski boule (sample NA-9) yielded § = 0.0018 cm-1 for
L =2.69 cm. When this sample was sectioned further with a wire
saw, the limiting effect of surface polishing is seen as follows:
B =0.0016 cm-1 for L, =0.85 cm, B =0.0023 ST E T Iy e U cm,
B =0.0025 cm-1 for L =0.52 em, and B = 0.0037 em™! at L = 0.47 cm.
However, with an optimum RAP Bridgman ingot, a cylinder with
L = 12.0 cm showed a uniform transmission of 92.0% which was the
theoretical value for no absorption and scattering losses. Yet, at
the region which crystallized first, 3 = 0,.0028 £ 0.0005 (3) cm'l,
and that which was last, 3 = 0.0030 £0.0005(5) cnl-l. Obviously,
these two measurements do not reflect the intrinsic value of the
material but the limiting cffect of fabrication., Otherwise, 3 = 0.003 cm-l
over L = 12,0 cm would have shown a 3.6% discrepancy below the
theoretical transmission., Again, the e¢nd faces of the cylinder were

wedged.

17
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For the measurement of yield (Y) and the modulus of rupture (S),
Instron equipment was employed to carry out the flexure test to failure.
The crystal, in the form of a parallelepiped, was mounted as a simple
beam resting on end supports with force applied as two equal concen-
trated loads at the one-third points (four-point loading). A slow
loading rate (0.005 or 0,002 in. min ) was used to give reproducible
rcadings of S. At the beginning of the study, the parameters of commer-
cial KC1 crystal were: Y = 300 psi and S = 640 psi (Ref. 1). As seen
in Table I, S = lO5 psi can be achieved with no tradeoff in 3 in the
undoped material.

Parallelepiped specimens were prepared by cleaving at
(100); either llarshaw or Optovac KCI gave Y = 300 psi and S = 700 psi,
values in agreement with the parameters given above. With a nonop-
timum RAP procedure and the same method of preparation of the test
specimens, the HRL specimens yielded, Y = 400 psi and S = 930 psi.

The preparation of the surface of the test specimen (Ilarshaw

a

and Optovac KCl) was also shown to play a significant role in the

results of mechanical testing. Using cleaved specimens at (100}, the
measured average-(Sav) and the standard deviation (AS) showed that
uniformity in test performance improved with polishing (Linde A in !
alcohol) .but the average strength decreased; i.e. , AS and Sav were .
lower. 'L'he lower value of AS indicated that polishing removed the

s'hallow microcracks; the lower value of Sa\v, suggested that polishing

may have gaused some of the cracks to propagate into the interior

faster than the surface material was removed, and/or surface'recrys-

tallization occurred after polishing.8 Thus, without polishing,

Optovac specimens preparcd by cleaving yielded S’ = 430 £ 50 (2) psi

and, if followed by water etching, S = 850 % 360 (11) psi.*

“Water etching removes an~0.5-mm layer of the material. The
sample is swished for 1 to 2 sec in water, followed by a rapid alcohol
rinse and hot air drying to avoid surface recrystallization.
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The above results suggested an examination of annealing
procedures as a means of repairing the damage on the surface and in
the interior caused by cleaving. Ilarshaw KCIl specimens were used

and the following results were obtained:

When cleaved only, Sav = 640 psi-
When cleaved and lHe-annealed, S’IV = 450 psi
When cleaved and RAP-annealed, Sav = 970 psi

Annealing consisted of a 20-hour exposure at 670°C to a pressure of
100 to 200-mm Hg of either Hte or CCL4.

The effects on the yield point (Y) of the generation and treat-
ment of (100) surfaces of test specimens were studied. Since damage
from the surface into the interior followed cleaving (Appendix II),
cutting with an 8-mil diamond-impregnated copper-clad steel wire
was examined as an alternative. Cleaved and polished Optovac KCI1
gave Y = 450 + 50 (3) psi, while the same material cut and polished
yielded Y = 580 + 40 (4) psi. When polishing was replaced by water
etching, the difference was even less, Y =400 + 50 (11) psi versus
Y =410 % 60 (3) psi, cleaved versus cut, respectively. The lower
value in the Yav suggests that water etching removes a work-hardened
surface. This proposition also implies that a cut surface work-
hardens in polishing better than a cleaved surface. The opposing
effects of cleaving followed by water etching should be noted: A
dramatic increase in Sav and a decrease of Yav from the work-
hardened value to what may be intrinsic; i.e., a widening of the
plastic region.

Test specimens were fabricated from single-crystal RAP
Bridgman KCI1 and NaCl and polycrystalline KC1 (Polytran) by cutting
with the wire saw and polishing with Linde A in alcohol. The Polytran
specimens showed a yield of Y = 580 # 20 (3) psi and the HRL speci-
mens gave Y = 660 £ 120 (7) psi. A summary of the results of the

(Y,S) measurements is shown in Fig. 6. It is seen that in the case of
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188i-11R)|

1I881-12RI
POLYTRAN DISK BRIDGMAN INGOTS
YIELD (Y} /RUPTURE(S) IN PSI

K ]
‘ KCs,819 NaC!,B20
[ ssoneol ”
580/ 700] ° s|0/zzoo],, NOT OBSERVED /1200
NOT OBSERVED/ 1100 { 680/1100

8 7 610/ 740

P 780/2510
- 690/3740 | |2180/2570(CENTER)
340/2930 980/1930 (SIDE)
850/3420

*ARROW GIVES ORIENTATION OF SPECIMEN

WITH RESPECT TO FORCE APPLIED (INSTRON)

1200/2055%
| NOT OBSERVED/1420

= <100>

Fig. 6. Mechanical Evaluation of RAP Single Crystal of
NaCl (B20) and KC1 (B19) and Polycrystalline KC1.
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polycrystalline KCI, Yav increased slightly while Sav remained the
same as the earlier value; therefore, the plastic region was narrower.
In the case of single-crystal KCl, Yav increased by more than 100%
and Sav increased by as much as 500% above the earlier values. The
net effect was a wider plastic region, without the use of water etching.
In fact, the Sav values in this case exceed the Sav obtained in the
earlier specimens (Czochralski, nonoptimum RAP) by the use of
water etching.

Similar increases also occurred in the case of single-crystal
NaCl (early value of S = 570 psi) but, as seen in Fig. 6, the plastic
region is narrower than in the case of single-crystal KCl. At times,
no yield is observed up to failure.

The growth direction of KCI ingot B 19 was found to be close
to <1112, The observation suggested a search for an optimum direc-
tion in (Y,S). For window application to high-power lasers, the
optimum in Y was preferred over that of S if the optimization could
not be effected simultaneously. Consequently, water etching of the
wire-saw cut specimens was employed. The results which follow give
the test specimen axis along the long direction, the test direction,
and Y:

<100>, <100>, and Y

390 + 30 (7) psi

<110>, <111~>, and Y = 500 = 50 (4) psi.

<1112, <1112, and Y

530 + 50 (4) psi

From these results in Y and those of S (Fig. 6), it is quite likely
that the growth direction along < 111~ provides the optimum in Y and S
(Appendix V).  This growth direction is realized in spontaneous

nucleation.

"Although the program had ended, it was felt necessary to check out
this feature with a commercial crystal. Optovac KCl specimens were
prepared by the same procedure, i.e., wire-saw cut followed by
water etching. With the long bar axis at < 100~ and test direction at
<100>, Y = 410 £ 60 (3) psi; with the long bar axis at <111~ and test
direction at <1112, Y = 600 = 150 (7) psi.
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IFigure 7 shows the different failure patterns revealed by
polarized light. Figure 7(a) shows KCl specimens with the (100)
surfaces generatec by cleaving and tested at <100~. Starting from
the left, the first seven are llarshaw crystals, the next five are Optovac,
and the last four are IIRL. With either llarshaw or Optovac, Y = 300 psi
and S = 700 psi: the HRL specimens, Y = 400 psi and S = 930 psi. The
test direction was applied from right to left; the density of slip planes
at (110) reveal the load points, and the failure occurs at (100).

Figure 7(h) shows the wire-saw cut specimens (polished)
fromn B 19, The test direction, from right to teft, is < 111>, The
long bar axis of the two at the left and the two at the right are perpen-
dicular to =~ 111~ while the three at the center are parallel. The
specimens store a larger amount of strain energy in the testing and
break with a louder report than the specimens of IFig. 7(a). The
failure regiqn, where the strain pattern is washed out, when observed
in the test direction shows a wedge of two (100) planes.

Early in the program, compressive strength tests on Optovac
KC! revealecd yield strengths of 225 to 230 psi and a rupture strength
of 2410 psi. Plastic {low occurred only in one of the < 100~ direc-

tions, while the other < 100> directions remained constant.

Zc Topochemical Exchange (Scrubbing)

In this study we established a RAP procedure for the surface-
layer treatment of KCl crystals at temperatures below the melting
point. Tiie ‘arguments given in Appendix I for the choice of CCl4
as the exchange agent to reverse hydrolysis apply to the present case.
The apparatus employed IHe as the carrier gas or was operated as a
closed system under a vapor pressure of CC14, as shown in Fig. 8.

It was observed that surface hardness (Knoop) incrcased after
scrubbing with Ile CC14(g) but not with Ile alone. Ilence, Knoop

measurements were used to study the depth of penetration of

scrubbing at various temperaturcs and dwell times.




I

(a) (100)surfaces tested at <1N0N)

4 RS CRRRCCRENG ) SN2
(b) (111) surfaces tested at (111)

Fig. 7. Test Specimens of KC1, Flexed to ;
Failure, Viewed in Polarized Light.
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Specimens were obtained by cleaving at {(100). The hardness at

depth zero was taken on the as-scrubbed material. Then the scrubbed
material was cleaved from the opposite side. The depth of penetration
was measured away from the region where contact was nmade with the
cleaving tool. At 450 0C, no penetration could be established up to a
35-hour dwell time for KCl. A 300-um depth was achieved with 500 °C
and 15-hour dwell time for KCl. A comparable penetration was achieved
for KBr at 350 °C and 90-hour dwell time using CBr4.

A greater depth of penetration was achieved with an 8-mm thick
KCI1 crystal, by a 20-hour exposure to 100 to 200-mm Hg of CCl (g), in
a closed system at 670 °C. This is shown in Fig. 9. These cond1t1ons
of exposure were also found to be adequate for the removal of slip lines
in KCl crystals, as shown in Fig. 10. These slip lines are at (110) and
are generated by cleaving and can be seen to a few millimeters depth
by polarized light.

Table II shows the effect of annealing and the atmosphere
employed in the process on the mechanical properties of KCl crystals

(Harshaw). The best improvements in mechanical properties are seen

to be associated with the RAP surface treatment of a 20-hour exposure

at 670 °C under 100 to 200 mm Hg of ccly,.

i AT e A E LT A A

So Crystal Surface Evaluation

The object of this study is to establish fabrication and surface
pPreparation procedures (in particular, optical finishing) which avoid i
surface features that limit the material's optical transmission at10.6um,
resistance to corrosion by water vapor, and mechanical strength. 3
The first attempts to cut KCl made use of a steel wire using
320-grit silicon carbide (SiC). The use of glycerine as a vehicle was
found to be unsuitable. Because of solvent action on KCI1, the saw tends
to bind and break. Solvent action varied with exposure time and cutting

rate. The region close to the source of the glycerine-grit susgension,

introduced by gravity, was badly etched. The resulting cut was quite

jagged.
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(a) KCY surface as cleaved in (100).
(b) A similar surface after 20 hours
at 6709C under a low pressure of

helium. (c) A similar surface after
20 hours at 6700C under CC]4 vapor..

Fig. 10. Behavior of Slip Lines
(110) in KCY1 With Thermal
Treatment (Viewed in
Polarized Light).
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(a) (b) (e)

(a) KC1 surface as cleaved in (100).
(b) A similar surface after 20 hours
at 6709C under a low pressure of

helium. (c) A similar surface after
20 hours at 6700C under CC]4 vapor..

Fig. 10. Behavior of Slip Lines
(110) in KC1 With Thermal
Treatment (Viewed in
Polarized Light).
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A much smoother cut was effected with the use of a nonsolvent
vehicle. The nonsolvent chosen was a heavy hydrocarbon,* since
OH-derivative liquids of low volatility (such as glycol or glycerine)
increased the surface absorption in the 3- and 10-pm regions. How-
ever, hydrocarbons are not completely inactive in these regions (C-H
at the 3-pm and C-C at the 10-pm regions) and should be removed
after cutting. These results are discussed in Appendix II. A com-
parison of the cuts obtained with the two liquid wehicles is shown in
Fig. 11.

The next comparison study dealt with the combination of abra-
sive and cutting wire. Bridgman KCl and NaCl ingots were used for
this purpose. The previous procedure, (slurry of 320-grit SiC in
light mineral oil) took 30 to 50 minutes to cut across 3-cm diameter
ingots; the cut was not very uniform. An 0.008 in. wire impregnated
with 45-pm diamond, lubricated with the same mineral oil, effected
a uniform cut across in 4 to 7 minutes. The latter apparatus** was
also shown to be applicable without the use of the hydrocarbon.

We have already considered the effect on the mechanical
strength of the bulk material (KCl) of the method of gencrating the
surface. The results showed that wire-saw cutting was preferable
to cleaving. The relevance of the annealing procedure following the
primary step of generating the surface has been shown. In addition,
data showing the pertinence of the extent of surface rework and the
nature of the materials used in the last step (optical finishing) to
surfacc absorption at 10.6 pm is given in Appendix II.

The effect of cleaving and polishing damage on 3 was studied in
three sections cleaved from a Czochralski KCI boule (sample C-58)

which was grown from scrub-cast JM (99, 999%) source powder. The

“Convoil-20 from Consolidated Vacuum Corp. of Rochester, New York.

......

""" Lastec No. 2005-C from Lascr Technology Inc., North Hollywood
California.
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Fig. 11. Wire Saw Cut KC1 Using 320 Grit
Silicon Carbide. The Specimen to
the Left Made Use of Glycerine

as the Vehicle and That on the
Right, a Heavy Hydrocarbon.
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three sections were identified as L2 with L = 1.90 cm, LlA with

L =1.22 cm, and B2 with L = 0.57 cm. Figure 12 shows the batch
between crossed Polaroids. The sequence (a) to (d) is given in
chronological order. Figure 12(a) shows the sections just after they
were cleaved and polished (linde A in alcohol). Figure 12(b) is the
batch in 12(a) after a 20 hour heat treatment; 12(c) is the batch after
an additional 30 hour treatment. Surface etchings in 12(b) and 12(c)
are seen in these unpolished pieces. These surface irregularities
were removed by polishing prior to the measurement of f. Figure
12(d) shows the polished batch in 12(c) after B was measured. The
amount of damage reintroduced by polishing is clearly revealed by
12(d). As shown in Table III of Appendix II, 3 increases with repeated
surface polishing,

In the calorimetric determination of B, the slip lines may
account for a significant fraction of the laser beam being scattered
directly to the thermocouple. The surfaces shown in Fig. 12 are
parallel to (100) and the slip planes are (1 10). That the damage occurs

over the bulk is easily appreciated by observing in another <100>

direction under crossed Polaroids. The slip lines are seen to propa-
gate under light squeezing to a stress value easily achieved in con-
ventional handling in polishing or packaging and mounting for shipping
and storage.

The results of the measurements in 3 on the specimens, shown

in Fig. 12, are collected in Table III. Within the accuracy of the
measurements, the results for the 20 hour and the 50 hour treatments
for section L1A are the same. In spite of some damage being

reintroduced in polishing, Fig. 12(d), Table III shows that the heat

treatment achieved a factor of two reduction in  over the value for 0-hour

treatment. The polished section B2 after the 50-hour treatment was

damaged accidentally while positioning the laser beam. A crack

developed at the edge which propagated internally (Fig. 12(d)).

31
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(a) Cleaved and polished, no heat (b) Batch (a) after 20 hour
treatment, (1.7x) heat treatment, un-
a8 o (1 S F )

(c) Batch (b) plus 30 hour (d) Batch (c) polished,
heat treatment, un- (2.0x)
polished, (2.0x)

Fig. 12. KC1 Boule Sections Seen Under Crossed Polaroids.
Fach Batch Photographed Shows L2, L1A, and B2.
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TABLE III

The Value of B in KCl Sections versus Cumulative Time in
Ileat Treatment”

Calorimetric Absorption Coefficient j3,

Section L, cm- |
Identification cm ¥ ¥t
0 llour 20 llours "’ 50 Ilours
L2 1.90 0,0012 5o 0. 00063

L1A [.22 0. 0012 0. 00050 0. 00053

B2 0.57 0.0015 0.0010

*Exposure to 100 to 200 mm llg of C(‘.I4 vapor at 700°C.

T Sections obtained by cleaving and then polished. No heat
treatment,

""Sections from t after a 20 hour treatment and polished.

“after another 30 hour treatment and polished.

" ""Section accidentally damaged by laser beam.

For the study of surface resistance to water vapor corrosion,
(isothermal case) there are three vapor pressure regions of interest,
Representing pHZO as the ambient vapor pressure, the regions are
defined with respect to the vapor pressure of the saturated solution,
P;IZO, and. the solvent, p(l)le' The more common situation is where
pIIZO = P['IZO. The stability in this vapor pressure region was studied
with respect to . It was shown that hygroscopic behavior was negli-
gible in single crystal IKCl (Appendix II).

As the ambient vapor pressure, plle' increases, the inter-

mediate region is reached where p”ZO < lezO < P(I)IZO' In this




o o e o i ke e e e e bk b e - Dy o Lo BB _ e gs

region, an unstable crystal will not only mar its surface by hygroscopic
behavior but can cause water to condense from the atmosphere because
szO > p:l'iIZOx and, therefore, deliquesce. The extreme region is,

/ of course, the dewpoint region and above (i. e., pl-[p_O 2 P?{ZQ). Tran-
sient residence of the KCI single-crystal surface at this extreme region
was studied.

The surfaces were generated by cleaving and subjected to various
treatments to assess their effect on corrosion stability, IFleeting
residence above the dewpoint was achieved by careful breathing on the
surface of the crystal which was observed under a microscope. The

breath effects a dense decoration of the surface with microscopic drop-

lets. Ina room held at 23”C and 40% relative humidity, the layer
evaporates off in ~5 sec. After repeating the cycle a few times, the
surface appears unmarred to the unaided eye. Examination was made
on a microscopic scale nf such a response in KCI after one cycle using .
surfaces which have been prepared by cleaving (see Fig. 13); cleaving
followed by annealing in lle at 670°C for 20 hours (sce Fig. 14); and
cleaving followed by anncaling in CC14 at 670°C for 20 hours (see

Fig. 15). These three photo sequences illustrate that the surface

free energy is consistently different for the three methods of prepara-
tion and decreases from Fig. 13 to Fig. 15.

Typical cleavage steps are seen in Fig. 13(a). After one breath
cycle of condensation and evaporation, Fig. 13Mh) shows the irregular ]
outline of the condensate pattern. Etching action by what was once a ‘
dropletoccurred at a cleavage step. A higher magnification of the
central region, Fig. 13(c), reveals square pits as large as 4 pm to the
edge, with a hopper pattern extending to a depth of 1 to 2 pm. Such a
pit corresponds to the etching out of 10-12 mole. Initial volume of the
droplet is 10-6 cmB. The volume of the saturated solution is three
orders of magnitude smaller if one considers the fast dissolving region
(i. e., the etched region) as the main source of solute (total dissolved:

S

10_11 mole). The maximum areca of the etched region (10-5 cmz) is

34
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assumed to correspond to the crossover from the undersaturated to the
saturated condition. Redeposition of solute would account for an aver-
age depth of £ 10-l pm. Hence, under the present resolution, only the
effect of etching can be seen.

In Fig. 14(a), the cleavage steps are almost obliterated. Coher-
ing to the substrate are isolated regions of growth that were vapor
deposited during the slow cooldown of the thermal treatment. The effect
of one breath cycle is shown in Fig. 14(b). The small new regions of
growth have been removed (dissolved) and the sharp edges rounded off,
The irregular outline of the condensate pattern is seen. Magnification
of the central portion, Fig. 14(c), shows no etch pits.

In Fig. 15(a), the cleavage steps are gone, the surface
rearranged to give prominent steps bounded by (100). These steps
accommodated growth from the vapor phase during cooldown, as evi-
denced-by the low substrate density of isolated new regions of growth.
The effect of one breath cycle, Fig. 15(h), merely smooths out the
sharp edges; no irregular outline of a condensate pattern is seen. High
magnification of the central portion, Fig. 15(c), shows no etch pits.

The interface of small crystals formed by recrystallization at
the surface has been shown to be a source of initial microcracks which
cause premature failure (Ref. 8). As seen in Table II, the surface
conditions of Figs. 13(a) and 14(a) correspond to a Knoop hardness of
10 kg mm-z, while Fig. 15(a) yields 12 kg mm-z. In the case of the
modulus of rupture, S = 640 psi for Fig. 13(a), S = 450 psi for -

Fig. 14(a), and S = 970 psi for Fig. 15(a).

Wetting and evaporation behaviors observed through the breath
cycle provide additional evidence of the stability of Fig. 15(a). The
free cnergy per unit area at the solid-gas interface is lower than that
at the solid-liquid. The microscopic dewdrops do not have a tendency
to spread (i. e., no coalescence). According to the Kelvin equation,

these drops are unstable even at 100% humidity; hence, a gradual fading

away of the film.
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The opposite inequality holds for Figs. 13 and 14. Coalescence
of the small droplets leads to larger droplets or irregular contours as
suggested by the irregular outlines left. Solvent action and evaporation
are mutually governing factors, but both lead to the attainment of drop-
let saturation. In the fraction of the residence time (~5 sec) that the
solution is under-saturated, its etching action depends upon solubility
rate which, in turn, depends on the free energy of the locale. In
Figs. 13(b) and 13(c), etching action is evident only on the stressed or
high free-energy (defect) region. No etch pits are seen in Figs. 14(h)
and 14(c), presumably due to the thermal treatment under He which
partially relieved the stressed condition brought about by cleaving.

The above experiments indicate that considerable sunface
stabilization followed from the RAP treatment, perhaps to a stability
approaching that of a natural crystal face.

In the last quarter of the study, Polytran specimens were
received for surface evaluation. Photographs were taken of an as-
received Polytran disc, identified on the Lucite holder as #77. Photo-
micrographs at 83x and 166x show polishing scratches in the as-
received surface. Photomacrographs at 2x show the grain size to be

10 to 40 mmz. The grains developed readily by exposure at 23°C and
40 percent relative humidity. Photomacrographs taken at 2x between
crossed polarizers show a correlation between the grains and the strain
pattern of slip lines. This comparison is seen in Fig. 16. Sections
were sliced from the disc. A piece was kept for control and another
was scrubbed in CC14(g) at 670°C for 20 hours. Figure 17(a) shows
the control and the scrubbed pieces at 2x magnification. Figure 17(b)
is an 83x magnification showing the surface texture across the grains

before scrub and Fig. 17(c), also at 83x magnification, is after scrub.

In the latter case very prominent (100) surfaces developed in cach grain.
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(a) Polytran disk No. 77 as received
(2x magnification)

(b} Same as (a) but viewed in polarized f
1ight (2x magnification) :
Fig. 16. Surface of Polytran Disk No. 77. ]
:
3
:
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Scrubbed
Piece

Control
Piece

(b) Control piece

(c) Scrubbed piece
(83x magnification)

(83x magnification)

Fig. 17. Polytran Surface Before and After Scrub.




4, Purification and Analysis

Powdered KC1 five-nines pureinthe metalionis easily available,

However, the anion purity may not be any better than three-nines pure.

Before this study began, we had demonstrated that various anions;

e.g., NO_;,, HCO., CO,, C.,O,, etc. , of the alkali metals can be con-

: 3’ i)
s verted quantitatively to the chloride by treatment with CCl4 (Ref. 9, 10).
. It was also known that the chlorides of many heavy metals are quite

volatile. It was, therefore, possible that CCI4 vapor could be used to
effect simultaneous cation and anion purifications of molten KCI.

With purification as the objective, the casting and zone refining

of KCI ingots under RAP, He + CC14, was developed as shown in
lng' 18. The analyses of the starting powder and the RAP treated
specimens are shown in Table IV, Emission spectrograph analysis
turned out to be inadequate to differentiate between the two powders,
MCB (99.9%) and JM (99.999%). The method was also unable to dis-

tinguish the purity level of the MCB powder from the various sections

RS

of the zone refined ingot derived from it. " However, beyond a doubt,

.

the volatilized material, or scrub deposit (sixth column, Table IV),
showed that various impurities had been transported through the vapor
phase.

The study was complicated by the fact that the boat (vitreous
carbon) used in zone refining was a source of impurities. Table V

shows that under CCl, vapor, Ca and Mg, unlike Si and Cu, have a

4
high escaping tendency (fugacity) from the vitreous carbon matrix. The
fugacity across the solid-vapor interface is a measure of leachability
by the halide melt. While Poco graphite is more suitable in purity,

it is inapplicable because it is fairly permeable to the melt.

" Zone refining conditions: The moltcn zone was ~2 in. wide and was
moved at the rate of 5 in. /hr. Three unidirectional passes were taken.
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(b) Scrub-zone refining

Fig. 18. Alkali Metal Chloride (KC1) Technology.
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TABLE IV

Emission Spectrograph Analysis of KCl Powders
and Crystal Specimens

T

Zone Refined Ingot

Infjfijjes : ~~__-Nose Center 1 Yaii B Pt&%er Di;;:?t PodZer
; ) : 52% 52% 1 52% 52% 50% 52%
Si TR < 0.002 ND < 0.002 0.0031 ND < 0.002 1.5 ND < 0.002
Ca 0.0013 0.0012 0.011 0.0012 0.040 0.00045
Fe NO < 0.001 ND < 0.001 l NO < 0.001 ND < 0.001 0.15 NO < 0.001
8 lND < 0.004 ND < 0.004 ND < 0.004 ND < 0.004 0.019 ND < 0.004
Mg 0.00014 0 00010[ 0.0017 0.00032 0.0039 0.000085
Pb N0 < 0.005 ND < 0,005 ND < 0.005 NO < 0.005 0.026 ND < 0.005
Cr NO < 0.0001 | ND < 0.0001 0.00019 ND < 0.0001 0.017 ND < 0.0001
81 | ND < 0.001 NO < 0.001 ND < 0.001 NO < 0.001 0.0067 ND < 0.001
Al lNO < {.,0004 NO < 0.,0004 ND < 0.0004 ND < 0.0004 0.015 NO < 0.0004
Cu ND < 0.00005| ND < 0.00005 0.000074| ND < 0.00005 0.0024 ND < 0.00005
Li lND < 0.001 ND < 0.001 ND < 0.DO1 ND < 0.001 0.0031 ND < 0.001
Ag lND < 0,00007| ND < 0,00007| ND < 0.00007 NO < 0.00007 TR < 0.D0ODO7 | NO < 0.00007
Na NO < 0.005 TR < 0.005 0.015 TR < 0.005 0.057 NO < 0.005
Ti ND < 0.001 NO < 0.001 ND < 0.001 NO < 0.001 0.0019 NO < 0.001
N ND < 0.0005 NO < 0.0005 ND < 0.0005 NO < 0.0005 0.0015 ND < 0.0005
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TABLE V

Impurity Content of Vitreous Carbon and Poco Graphite

Vitreous Carbon Poco Graphite
Impurity | As Received | After Scrubﬂ"' As Received | After ZRJ:*
’VU 0/0

Ca 0.0026 0.0016 TR<0. 0002 0. 00065

Mg 0. 00086 ND<O0. 0003 0.0023 0. 00060

Si 0.0048 0. 0041 ND<O0. 001 0. 060

Cu 0. 00026 0.00032 0.00021 0.00075
Other Nil Nil Nil Nil
Elements

Exposed to CCl, vapor at 700°C for 21 hou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>